Neighborhood socioeconomic status (NSES) is associated with cognitive function, independently of individual demographic, health, and socioeconomic characteristics. However, research has been largely cross-sectional, and mechanisms of the association are unknown. In 1992-1993, Cardiovascular Health Study participants (n = 3,595; mean age = 74.8 years; 15.7% black) underwent cognitive testing and magnetic resonance imaging of white matter hyperintensities (WMH), and their addresses were geocoded. NSES was calculated using 1990 US Census data (block groups; 6 measures of wealth, education, and occupation). The Modified Mini-Mental State Examination (3MS) was used to assess general cognition, and the Digit Symbol Substitution Test (DSST) was used to assess speed of processing annually for 6 years. Associations of race-specific NSES tertiles with 3MS, DSST, and WMH were estimated using linear mixed-effects models accounting for geographic clustering, stratified by race, and adjusted for demographic, health, and individual socioeconomic status (education, income, lifetime occupational status) variables. In fully adjusted models, higher NSES was associated with higher 3MS scores in blacks (mean difference between highest and lowest NSES = 2.4 points; P = 0.004) and whites (mean difference = 0.7 points; P = 0.02) at baseline but not with changes in 3MS over time. NSES was marginally associated with DSST and was not associated with WMH. Adjustment for WMH did not attenuate NSES-3MS associations. Associations of NSES with cognition in late adulthood differ by race, are not explained by WMH, and are evident only at baseline.
Poor cognitive function increases in prevalence with older age and contributes to disability and loss of independence (1) (2) (3) . Previous studies have demonstrated an association between neighborhood socioeconomic status (NSES) and cognitive function in adults across a range of ages and populations, independent of individual demographic and health characteristics (4) (5) (6) (7) (8) (9) (10) (11) . However, these studies have been almost exclusively cross-sectional, so it is unknown whether NSES is associated with declines in cognitive function. Further, racial differences in these associations and potential underlying mechanisms have not been well characterized.
NSES, as a compositional effect, is unlikely to have a direct influence on individual cognitive function. Rather, NSES may indicate lower access to and quality of institutional resources, increased levels of stress, and poorer norms regarding healthy behaviors or lesser ability to engage in healthy behaviors-such as physical activity, healthy diet, and not smoking-all of which affect cognition (5, 8, (12) (13) (14) .
One way to clarify the potential mechanisms linking NSES and cognition is to understand the neural pathology underlying these associations. Small vessel disease (SVD) of the brain, visible upon magnetic resonance imaging (MRI) as white matter hyperintensities (WMH), is associated with lower cognitive function (15) . Many risk factors for SVD (16) are associated with living in low-socioeconomic status (SES) neighborhoods through many of the same pathways described above. These include cardiovascular disease and vascular risk factors (17) (18) (19) (20) , diabetes (21, 22) , and inflammation (20, 23) . Therefore, low NSES could, for example, increase the likelihood of engaging in poorer health behaviors and confer greater risk of vascular disease, SVD, and poorer cognitive function.
Residential segregation in the United States has resulted in many blacks living in poorer neighborhoods relative to whites of similar socioeconomic status (24) . As a result, factors related to NSES that influence cognitive function may be more prevalent for blacks than for whites. There is some evidence that NSES is more strongly related to cognitive function in minorities than in whites (8) ; however, most studies have included only persons of a single race/ethnicity or have not stratified analyses by race/ethnicity.
Using 6 years of longitudinal data from the Cardiovascular Health Study (CHS), we sought to determine whether NSES was associated with declines in the cognitive function of older adults, whether these associations differed by race, and whether these associations were explained by the presence of WMH. A measure of NSES previously constructed for the CHS has been found to be associated with greater subclinical cardiovascular disease (17) , higher incidence of ischemic stroke (25) , and higher cardiovascular mortality (26) .
We hypothesized that lower NSES would be associated with poorer cognitive function, greater decline in cognitive function over time, and higher prevalence of WMH. We further hypothesized that associations would be stronger in blacks than in whites and that WMH would partially account for differences in cognitive function by NSES.
METHODS

Sample
The CHS is a population-based sample of 5,888 adults aged 65 years or older in 4 regions of the United States (Forsyth County, North Carolina; Sacramento County, California; Washington County, Maryland; and Pittsburgh, Pennsylvania). Initial recruitment in [1989] [1990] was from a random sample of the Medicare eligibility lists and age-eligible household members living in census tracts close to the participating medical centers (27) . A minority supplement was included in 1992-1993. Individuals were eligible to participate if they did not have cancer under active treatment, were not wheelchair users or bedbound, and did not plan to move out of the area within 3 years. The 1992-1993 study visit included an MRI scan and was the baseline for these analyses. Institutional review board approval was obtained from all participating locations, and all participants provided written informed consent at recruitment.
Participants were excluded from these analyses if they were missing data for any variable, except income or occupational status. Due to the low number of participants of other races, only whites and blacks were included. Of the 5,888 participants in CHS, 3,241 (55.0%) had complete data for these analyses. The primary reason for missing data was ineligibility (e.g., because of claustrophobia or metal implants) for or refusal of MRI (n = 2,258; 38.4%). In addition, 14 individuals were missing NSES data, 195 were missing cognitive data, 164 were missing covariate data, and 16 were of neither white nor black race. Persons with missing data were older, had lower incomes and educational attainment, and were more likely to have hypertension, heart disease, stroke, or diabetes; they also had a higher body mass index, a higher white matter grade, lower Digit Symbol Substitution Test (DSST) scores, and lower Modified Mini-Mental State Examination (3MS) scores than persons who were included (P < 0.002 for all).
Neighborhood SES
An NSES variable was previously constructed for CHS (26) . Block groups, a subdivision of US census tracts, defined participant neighborhoods. A summary neighborhood score was constructed by summing z scores for 6 variables from the 1990 US Census that represented dimensions of wealth and income (median household income, median value of housing units, and percentage of households receiving interest, dividend, or net rental income), education ( percentage of adults who completed high school, percentage of adults who completed college), and occupation ( percentage of persons in managerial or professional specialty occupations). Higher scores represented higher NSES.
Cognitive function
Cognitive function was assessed annually through the 1998-1999 study visit, providing 6 years of follow-up, using the 3MS and the DSST. The 3MS measures global cognition; scores range from 0 to 100, with higher scores indicating better cognition (28) . The DSST is a measure of processing speed, with higher scores indicating faster speed of processing (29) .
Small vessel disease
Standardized sagittal T1-weighted spin-echo, axial spindensity/T2-weighted, and T1-weighted MRI images were acquired, and the images were interpreted by a neuroradiologist using a standardized protocol at a central reading center (30) . WMH were graded according to an atlas of predefined visual standards (31) on a scale of 0-9 points, with higher scores indicating greater severity. Brain infarcts were defined as an area with abnormal signal intensity in a vascular distribution, lacking mass effect, hyperintense to gray matter on spin density and T2-weighted images, and 3 mm or larger in size. Primary analyses used a WMH grade of 3 or higher to define SVD (32) .
MRI was conducted during the 1998-1999 visit using the same methods. Baseline grades for WMH were reread alongside a follow-up MRI scan with blinding as to the order of scans to minimize reader bias. Follow-up MRI scans were available for 1,793 participants.
Covariates
Demographic characteristics were self-reported, including age, sex, and race. Marital status was categorized as married, widowed, divorced or separated, or never married. Hypertension, diabetes, coronary heart disease (CHD), and stroke were self-reported physician diagnoses. 
Table continues
Individual-level socioeconomic characteristics included self-reported educational attainment, household income, and occupation type. Education was recorded by the number of years completed and categorized as less than high school, high school graduate, or beyond high school. Annual income in dollars was categorized as <12,000, 12,000-24,999, 25,000-34,999, and ≥35,000. To avoid loss of participants due to missing data for income, missing was included as a category in analyses; complete case analyses did not differ appreciably from those presented here. Usual lifetime occupation was categorized as: 1) professional/technical/managerial/ administrative; 2) sales/clerical service; 3) craftsman/machine operator/laborer; 4) farming/forestry; 5) housewife; and 6) other or missing (26) . Categories 3 and 4 were combined in these analyses.
Statistical analyses
Descriptive statistics of the sample are presented by race and tertile of NSES. Mean values are presented with standard deviations. For comparisons between race-specific NSES tertiles, we used analysis of variance for continuous variables and χ 2 statistics for categorical ones. There was a significant interaction between NSES score as a continuous variable and race (P for interaction < 0.001 for 3MS and P for interaction = 0.03 for DSST) and evidence of a nonlinear association between NSES as a continuous variable and cognitive function (P for quadratic term < 0.008 for both). Therefore, race-specific tertiles of NSES were used for all analyses (see Table 1 ).
Analyses of the associations of NSES tertiles with cognitive function were conducted separately for 3MS and DSST as outcomes over 6 years of follow-up using mixed-effects models with robust standard errors. Data were too sparse to obtain reliable estimates from multilevel models (number of participants per block group: range, 1-205; median, 2) (33). Results, including 95% confidence intervals, are presented with and without adjustment for demographic factors, individuallevel SES, and clinical diseases as described above. Differences in rate of change across race-specific tertiles of NSES were assessed by an interaction term between NSES and time. Timesquared and time-by-age interaction terms were included but were not significant in any of the analyses. We further adjusted the results for WMH to determine whether WMH might explain the association of NSES with cognitive function. Participants were censored from the models when they died (n = 592; 18.3%) or were otherwise lost to follow-up (n = 427; 13.2%). The majority of participants attended all 7 visits (n = 1,972; 60.9%), and the mean number of visits was 5.9 (standard deviation (SD), 1.8).
Terms for interaction between NSES and individual-level characteristics, including WMH, were assessed but are not included here because none were significant. Predicted cognitive scores for participants of average age (72 years) were plotted separately for blacks and whites. All analyses were completed using SAS, version 9.3 (SAS Institute, Inc., Cary, North Carolina).
Sensitivity analyses were conducted defining SVD by infarcts rather than WMH, restricting analyses to persons who were stroke-free at baseline, using change in WMH instead of baseline WMH in longitudinal analyses, including participants who were missing MRI scans but had complete cognitive data (n = 4,445), and using quartiles of NSES instead of tertiles.
RESULTS
Neighborhood SES
Distributions of NSES by race are displayed in Figure 1 . The median NSES score for white participants (n = 2,727) was 0.52, and the median NSES score for black participants (n = 514) was −3.69 (P < 0.001). White participants had higher baseline scores on both the 3MS (mean = 92.5 (SD, 6.4) for whites and mean = 85.8 (SD, 9.4) for blacks; P < 0.001) and the DSST (mean = 41.2 (SD, 12.7) for whites and mean = 29.7 (SD, 13.2) for blacks; P < 0.001). There were no racial differences in WMH ( prevalence = 33.6% for whites vs. prevalence = 35.0% for blacks; P = 0.5).
Generally, similar patterns of associations between NSES and individual-level characteristics were observed for both races (Table 1) . Men and those with higher education, higher income, and professional occupations were more likely to live in neighborhoods with higher NSES. Among black participants, older individuals were more likely to live in lower-NSES neighborhoods. For white participants only, hypertension, diabetes, and CHD were more common in lower-NSES neighborhoods.
White matter hyperintensities WMH were significantly related to performance on both the 3MS and the DSST for both races (P < 0.001 for all). These associations remained significant after adjustment for age and sex. For both races, persons living in higher-SES neighborhoods performed better on both the 3MS and the DSST in unadjusted analyses (Table 1) . There was no difference in prevalence of WMH by NSES (P ≥ 0.1).
Modified Mini-Mental State Examination
For white participants, being in either the middle or the lowest tertile of NSES was associated with lower 3MS scores at baseline compared with the highest tertile after adjustment for demographic, health, and individual SES characteristics (for lowest tertile, mean difference = −0.66 points, 95% confidence interval (CI): −1.24, −0.08). Further adjustment for the presence of WMH did not affect results (Table 2 and For black participants, differences in 3MS scores at baseline were observed only for the lowest tertile as compared with the highest tertile (mean difference = −2.42 points, 95% CI: −4.07, −0.76). Again, further adjustment for WMH did not affect results (Table 2 and Figure 2 ; mean difference = −2.41 points, 95% CI: −4.07, −0.76). There was no significant difference in the rate of decline of 3MS scores by NSES for black participants over 6 years of follow-up ( Table 2 ). The mean difference in 3MS scores per year of age at baseline in black participants after adjustment was −0.42 points (95% CI: −0.54, −0.31), and the annual rate of decline in 3MS scores per year of age after adjustment was −0.09 points (95% CI: −0.13, −0.05).
Digit Symbol Substitution Test
For both races, there was a significant association between NSES and DSST scores after adjustment for demographic and health characteristics. However, after adjustment for individuallevel SES, these results were attenuated in both races (Table 3) . A marginally significant association between NSES and DSST score remained only between the highest and lowest tertiles of NSES for white participants (mean difference = −1.11 points, 95% CI: −2.23, 0.02; mean difference = −1.14 points, 95% CI: −2.26, −0.02 after adjustment for WMH). For comparison, the difference in DSST scores per year of age in white participants was −0.83 (95% CI: −0.91, −0.75). There was no difference observed for rate of change in DSST scores by NSES for either race after adjustment for health and demographic characteristics ( Figure 3 ).
Sensitivity analyses
Defining SVD by the presence of infarcts rather than WMH did not appreciably change the results. Also, results were not different when restricting analysis to those free of stroke or when additionally adjusting for incident WMH over 6 years for those with a follow-up MRI scan. Inclusion of all participants with complete data other than MRI scans also did not change the associations between NSES and cognitive function. Finally, using quartiles of NSES rather than tertiles did not qualitatively change the results.
DISCUSSION
We found that higher NSES was associated with higher 3MS scores, measuring general cognitive function, in both races at baseline but was not associated with differences in change of 3MS scores over 6 years. These associations were independent of individual demographic, health, and SES characteristics, Abbreviations: CHD, coronary heart disease; CI, confidence interval; SES, socioeconomic status; WMH, white matter hyperintensities. a Results were adjusted for age (centered), sex, marital status, hypertension, diabetes, CHD, and clinic location; the model included interaction terms for time squared and age × time. b Results were adjusted for age (centered), sex, marital status, hypertension, diabetes, CHD, clinic location, and individual SES (education, income, and occupational history); the model included interaction terms for time squared and age × time.
c Results were adjusted for age (centered), sex, marital status, hypertension, diabetes, CHD, clinic location, individual SES, and WMH (high vs. low); the model included interaction terms for time squared and age × time. Adjusted for time squared, age, age × time, gender, sex, marital status, hypertension, diabetes, coronary heart disease, clinic location, individual SES (education, income, and occupational history), and white matter hyperintensities. Shading indicates 95% confidence interval.
including educational attainment. For white participants, these differences were relatively small; the difference in 3MS scores between the lowest and highest tertiles of NSES was equivalent to less than a year of age. In contrast, among black participants, the difference between the lowest and highest tertiles of NSES was equivalent to almost 6 years of age. Higher performance on the DSST, a measure of speed of processing, was marginally significantly associated with higher NSES at baseline in white participants only. There was no association between NSES and the presence of WMH and no attenuation of the associations between NSES and cognitive function with adjustment for WMH. Together, these results suggest that NSES may be related to differences in 3MS scores but that these differences are present prior to age 65 years and are not due to cerebral SVD.
Several previous studies have demonstrated cross-sectional associations between higher NSES and greater general cognitive function in middle-aged and older adults, even after adjustment for indicators of individual SES (4) (5) (6) (8) (9) (10) . These findings were consistent across studies conducted in the United States (4, 5, 8, 10) , the United Kingdom (6), and Singapore (9). Only 2 previous studies, both in Hispanic populations in the United States, have assessed this association using longitudinal cognitive assessments, with conflicting results (7, 11) . In contrast to our findings, Sheffield et al. (7) reported that lower NSES was related to faster rates of decline in Mini-Mental State Examination scores over 5 years. However, consistent with our findings, Zeki et al. (11) found a cross-sectional association between lower NSES and lower 3MS scores but no association between NSES and change in 3MS score over 10 years. It is unclear why these results are conflicting given that these 2 studies were conducted in similar populations of comparable age (average ages of 73 and 71 years, respectively), at approximately the same time (baseline years of 1993-1994 and 1998-1999) , using similar methods, although differences in geographic location may explain the discrepancies (11) . Interestingly, findings from a study by Wilson et al. (34) , who evaluated childhood NSES and latelife cognitive function, were also consistent with our findings; lower childhood NSES was associated with poorer cognitive function in late life at study baseline but not with greater declines in cognitive function over 6 years.
Low overlap in NSES by race made it difficult to assess racial differences in the association between NSES and cognitive function in the present study. However, we did observe an interaction between NSES as a continuous variable and race, suggesting that the association is stronger among blacks than among whites. Using a cross-sectional analysis in older women, Shih et al. (8) also found stronger associations between NSES and Mini-Mental State Examination scores in nonwhites compared with whites. Other studies either included persons of a single race or did not stratify by race. Some studies have found interactions between NSES and measures of individual SES (4, 10). We did not observe these same interactions within strata by race, but it is possible that between-race differences in individual SES could account for the stronger findings for black participants in our study. There are several other possible explanations for the observed differences by race. It is possible that these results indicate truly stronger influences of NSES on blacks compared with whites. They may also be due to the race-specific tertile cutoffs used; possibly there is a stronger nonlinearity of the association at lower NSES, regardless of race. Finally, these results may reflect stronger associations for persons with lower 3MS scores, as blacks had lower overall scores and greater variation in scores compared with whites. Studies with greater overlap in NSES and cognitive function by race are needed to determine which of these factors may be driving the observed results.
Our results suggest that the association between NSES and cognitive function cannot be attributed to differences in SVD, as measured by the presence of WMH or infarcts. It is possible that the cerebral mechanism is related to volumetric differences in specific gray matter regions, in neurotransmitter levels, or in more subtle white matter changes (35-37), which we were unable to assess in the present study. Our results were specific to the 3MS, which is used as a screening tool for dementia, and not to the DSST. Therefore, it may be that NSES is related either to dementia pathology or to resilience to dementia pathology. There is some evidence that individual-level SES does not protect against Alzheimer pathology but does confer some protection against pathology, resulting in later onset of clinical Alzheimer disease (38) (39) (40) (41) . These associations have not been explored in relation to NSES. Other proposed contributing mechanisms have included inflammatory pathways (35) , cognitively stimulating resources in the neighborhood (5), cardiovascular factors (8) , and health behaviors (8) . Finally, it is possible that the observed differences are not biological but due to differences in literacy across NSES (42) .
We did not have data on length of residence in the neighborhood to assess whether baseline NSES reflected a long-term exposure. Duration of exposure to low NSES may affect associations with health outcomes (43) . Given that our results suggest a divergence in cognitive function by NSES earlier in life, which may even be related to early-life development (34) , understanding the effects of lifetime NSES in relation to cognitive function may be particularly important. We were unable to account for factors pertaining to selection into particular neighborhoods beyond the measured confounders. It is possible that these associations could be explained by differential selection into neighborhoods. We also did not have reliable information on possible relocations after the baseline visit. We therefore assumed that participants who moved stayed within the same tertile of NSES or that change in NSES late in life did not affect cognition. We did not account for lifetime control of cardiovascular risk factors, such as blood pressure, which may influence late-life cognitive function. Inclusion of participants with complete data, particularly for MRI, resulted in a younger, healthier, higher-SES sample. However, sensitivity analyses that included individuals with complete data other than MRI scans resulted in findings similar to those reported here. Finally, the data used for these analyses were collected 2 decades ago. However, previously reported cross-sectional results span the years 1993-2012 and do not demonstrate any clear trend in associations between NSES and cognitive function with time (4) (5) (6) (8) (9) (10) . In addition, NSES appears to be stable over decades, even during times of national economic transition (44) . Despite limitations with the available data, these analyses were strengthened by being conducted in a large, population-based, biracial cohort with longitudinal measures of cognitive function in multiple domains.
The present study corroborated previous findings of crosssectional associations between NSES and general cognitive function independent of individual SES, but we did not find NSES to be related to a faster decline in cognitive function in late life. This suggests that the relevant pathways are not related to differences in cerebral vascular pathology late in life. Studies carried out from a life-course perspective are needed to better understand the point at which differences emerge (37) . A better understanding of when in the course of a lifetime NSES-related differences in cognition emerge may help to uncover the underlying pathways and mechanisms and point towards possible interventions. Also, NSES was more strongly related to cognitive function in black participants than in white participants. The difference in 3MS scores between the highest and lowest tertiles of NSES among black participants was equivalent to approximately 6 years of age, indicating that blacks living in low-SES neighborhoods may cross over a clinically relevant threshold of cognitive dysfunction several years earlier than their counterparts living in neighborhoods with higher SES. Finally, these results add to the growing body of research demonstrating the negative associations of poverty, at the level of both the individual and the neighborhood, with physical function, cognitive function, daily and social activities, health, and well-being.
